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Enforcing a non-classical behavior in mesoscopic systems is important for the study of the boundaries be-
tween quantum and classical world. Recent experiments have shown that optomechanical devices are promising
candidates to pursue such investigations. Here we consider two different setups where the indirect coupling
between a three-level atom and the movable mirrors of a cavity is achieved. The resulting dynamics is able to
conditionally prepare a non-classical state of the mirrors by means of projective measurements operated over a
pure state of the atomic system. The non-classical features are persistent against incoherent thermal preparation
of the mechanical systems and their dissipative dynamics.
PACS numbers: 03.65.Ud, 03.65.Yz, 42.50.Pq, 42.50.Dv, 42.50.Xa
I. INTRODUCTION
Interesting experimental endeavors have recently chal-
lenged the widely-accepted assumption that quantumness is
an exclusive prerogative of microscopic and isolated systems.
These efforts show that complex and large objects comprising
many elementary constituents or endowed with a variety of
degrees of freedom can display important non-classical fea-
tures [1–9]. In general, quantum control under unfavorable
operating conditions is an important milestone in the study
of the quantum-to-classical transition and, as such, should be
pursued to achieve a better understanding of the conditions
enforcing and implying quantum mechanical features in the
state of a given system. This topic has recently become the
focus of an intense research activity, at all levels, boosted by
the ability to experimentally manipulate systems composed of
subparts having variegated nature. We can now coherently
control the interaction between radiation and Bose-Einstein
condensates [10, 11] while mesoscopic superconducting de-
vices compete with atoms and ions for the realization of cav-
ity quantum electrodynamics [12–14]. Equally remarkable is
the progressive entering of purely mechanical systems into
the realm of experimental controllability [15–21]. The opera-
tive conditions and the intrinsic nature of the systems involved
in these examples often deviate from the naive requirements
for “quantumness”: ultra-low temperatures, full addressabil-
ity and ideal preparation of the system. The design and ex-
ploitation of such interesting setups is giving further empha-
sis to investigations performed along the lines of the question
raised above [22–24].
Here, we prove how non-classical behaviors can be induced
in massive mesoscopic systems out of the reach of direct ad-
dressability. The indirect interaction with a fully controllable
microscopic system enforces non-classical mesoscopic states,
robust against adverse operative conditions (such as tempera-
ture). Our study is performed in the micro-scale domain and
involves two different optomechanical cavity-quantum elec-
trodynamics settings. It proposes a scenario for the obser-
vation of induced non-classical features, such as non-local
correlations and negative values of the Wigner function, that
are truly mesoscopic (thus different from more extensively
studied nano-scale setups [25–28]), well-controllable and, al-
though close to experimental capabilities in the fields of op-
tomechanics and light-matter interaction, yet unexplored.
The paper is organized as follow: in Sec. II, we discuss a
setup in which one mesoscopic object (a movable end-mirror
of an optical cavity) interacts with a microscopic system (a
three-level atom) through the radiation inside the cavity. In
this context, we study the correlations between the two sys-
tems as well as the non-classical features induced on the state
of the mirror. In Sec. III we extend our analysis to a sys-
tem where both cavity mirrors interact with the atom. This
setup allows us to investigate the correlations between two
truly mesoscopic systems, revealing how quantum effects can
survive to adverse environmental conditions such as dissipa-
tion and thermalization.
FIG. 1: (Color online) (a) Scheme of the system. (b) Energy levels
of the atom driven by an off-resonant two-photon Raman transition.
2II. SINGLE MIRROR
Here we consider an optomechanical system consisting of a
cavity whose end-mirror can oscillate under the action of the
radiation-pressure force. A three-level atom is placed inside
the cavity and the system parameters are chosen so that an
effective atom-mirror coupling is achieved. We show how the
state of the system reveals strong non-classical features such
as non-local correlations between the atom and the mirror and
negative values of the Wigner function of the mirror, even in
presence of dissipative processes and non-zero temperature.
A. The Model
The system that we consider involves a three-level atom
in a Λ configuration, coupled to a single-mode optical cav-
ity pumped by an laser field at frequency ωp and with a mov-
able mirror. The atom is driven by a second external field
at frequency ωi that enters the cavity radially (see Fig. 1).
We label {|0〉 , |1〉} the states belonging to the fundamental
atomic doublet and |e〉 the excited state. The atomic transition
|0〉↔|e〉 is guided, at rate Ω, by the external field at frequency
ωi. On the other hand, the transition |1〉↔|e〉 is coupled to
the cavity field at frequency ωc with coupling constant g. We
call δ the detuning between each transition and the respective
driving field, while ∆=ωc−ωp is the cavity-pump detuning.
The movable mirror is modeled as a harmonic oscillator with
frequency ωm, coupled to the cavity field through radiation-
pressure. We assume large single-photon Raman detuning and
negligible decay rate γe from the atomic excited state, so that
δ ≫ Ω, g ≫ γe and an off-resonant two-photon Raman tran-
sition is realized. Moving to an interaction picture defined by
the operator ωpaˆ†aˆ + ωi |e〉a〈e| + ω10 |1〉a〈1| , the Hamilto-
nian of the overall system reads [we set ~=1 throughout the
paper] Hˆsys = Hˆa + HˆR + Hˆm + Hˆc + Hˆmc + Hˆcp, where
Hˆa=δ |e〉a〈e| , Hˆm = ωmbˆ†bˆ,
Hˆc = −∆aˆ†aˆ, Hˆmc = χaˆ†aˆ(bˆ+ bˆ†),
HˆR=Ω(|e〉a〈0|+ |0〉a〈e|) + g(ei∆taˆ† |1〉a〈e|+ h.c.)
(1)
Here, Hˆa is the atomic energy, HˆR is the Raman coupling,
Hˆm (Hˆc) is the mirror (cavity) free Hamiltonian and Hˆmc is
the radiation-pressure term [35] (with coupling rate χ), where
aˆ (aˆ†) is the annihilation (creation) operator of the cavity field
and bˆ (bˆ†) is the corresponding operator of the mirror. Finally,
Hˆcp is the cavity-pump interaction [36]. The pumping field
ensures that a few photons are always present in the cavity, al-
lowing a mediated interaction between the atom and the mir-
ror. On the other hand, the purpose of the external field with
rate Ω is to trigger the passages between the excited level |e〉
and the ground level |0〉.
If we further assume ∆ ≫ g, χ, both the atomic excited
state and the cavity field are virtually populated and they can
be eliminated from the dynamics of the system. This leads to
the effective interaction Hamiltonian
Hˆeff = η |0〉a〈0| (bˆ† + bˆ) (2)
where η = χg2Ω2/δ2∆2. The form of the effective coupling
rate η shows that all the considered coupling mechanisms
are necessary in order to achieve the atom-mirror coupling.
Through the two-photon Raman transition, the virtual quanta
resulting from the atom-cavity field interaction are transferred
(by the bus embodied by the cavity field) to the mechanical
system. As a consequence, the state of the latter experiences a
displacement (in phase space) conditioned on the state of the
effective two-level atomic system resulting from the elimina-
tion of the excited state. Hˆeff involves the position quadrature
operator qˆ ∝ bˆ + bˆ† of the movable mirror. It is worth notic-
ing that, if the cavity is driven by a bichromatic pump with
frequencies ωp and ωp+ωm and a relative phase φ, the effec-
tive coupling between the atom and the movable mirror can be
made flexible in the sense that qˆ is replaced by bˆeiφ + bˆ†e−iφ,
making possible the displacement in any direction of the phase
space of the movable mirror [37–40].
B. Atom-Mirror Entanglement
We now focus on the quantification of microscopic-
macroscopic correlations between the atom and the mirror.
First, we assume that the initial state of the movable mirror
is a coherent state |α〉m with amplitude α ∈ C, while the
atom is assumed intially in |+〉a = (|0〉 + |1〉)a/
√
2. Under
the action of the effective Hamiltonian in Eq. (2), the initial
state evolves into |ψ(t)〉 = Uˆt |+, α〉am, where
|ψ(t)〉 = 1√
2
(|1, α〉+ e−iΦ(t) ∣∣0, α− iηte−iφ〉)am (3)
with Φ(t) = ηtRe[αeiφ] and Uˆt ≡ e−iHˆeff t = |1〉a〈1| ⊗ 1 +
|0〉a〈0| ⊗ Dˆ(−iηteiφ), where Dˆ(ζ) = eζbˆ
†−ζ∗bˆ is the single-
mode displacement operator [36]. Eq. (3) is, in general, an
entangled state of a microscopic and a mesoscopic system: its
Von Neumann entropy depends on the value of ηt only. In-
tuitively, the larger the phase-space distance between |α〉 and
|α− iηt〉, the closer the evolved state to a balanced super-
position of bipartite orthogonal states, thus maximizing the
entanglement. To give a figure of merit, for ηt = 0.82 the
entropy is ∼ 0.8, while for ηt > 1.7 the entropy is > 0.996.
Interestingly, the kind of control over the mirror state reminds
of the “quantum switch” protocol for microwave cavities [41],
although here it is achieved over a truly mesoscopic device.
Although impressive progresses have recently been accom-
plished in active and passive cooling of micro- and nano-
mechanical oscillators [21], it is realistic to expect the mirror
to be affected by thermal randomness due to its exposure to
the driving field and/or to a phononic background at tempera-
ture T . Exploiting the handiness of Eq. (3), we write the initial
state of the mirror at thermal equilibrium (temperature T ) and
displaced by d (due to the external pump) as
̺thm =
∫
d2αP(α, V ) |α〉m〈α| (4)
with P(α, V ) = 2e−
2|α−d|2
V−1
pi(V−1) , V = coth(ωm/2kbT ) and kb
3FIG. 2: (Color online) Maximum violation of the Bell-CHSH in-
equality against the displacement d. From top to bottom, the curves
correspond to V = 1, 3, 5 with ηt = 2d and θ1 ≃ 3pi/2 and are op-
timized with respect to θ. The inset shows, from top to bottom, the
logarithmic negativity E against V for projected states with p = 0, 1
and 2, for d = 2.
the Boltzmann constant. Under Uˆt, the state |+〉a〈+| ⊗ ̺thm
evolves into
Uˆt(|+〉a〈+| ̺thm )Uˆ†t =
∫
d2αP(α, V ) |ψ(t)〉〈ψ(t)| , (5)
which reduces to the pure case of Eq. (3) for T = 0. We pro-
ceed to show that the coupling mechanism described above
is characterized by interesting features, at the core of current
experimental and theoretical interests [8, 42, 43]. Let us con-
sider the case of φ = π/2, V = 1 (i.e. T = 0) and α ∈ R,
which gives |ψ(τ)〉 (|1, α〉+ |0, α− ηt〉)/√2. This entangled
state represents a mesoscopic instance of a pure Schro¨dinger-
cat state. Interestingly, it has been discussed that a faithful
implementation of the Schro¨dinger’s cat paradox would use
a mesoscopic subsystem initially prepared in a thermal state,
rather than a pure one [8, 42, 43]. The state in Eq. (5) is a
significant example of such case. Unravelling the entangle-
ment properties of this state is demanding due to the difficulty
of finding an analytical tool for its undisputed revelation. In
order to gain insight, here we propose to follow two paths.
The first relies on the nonlocality properties of this class
of states, induced by the strong entanglement between the
subsystems. Following Ref. [44, 45], the microscopic part
is projected along the direction n = (sin θ, 0, cos θ) of
the single-qubit Bloch sphere while the mesoscopic one is
probed by using the displaced parity observable Πˆ(β) =
Dˆ†(β)(−1)bˆ†bˆDˆ(β), where Dˆ(β) is the displacement oper-
ator of amplitude β = βr + iβi. This approach has been
used recently to address the micro-macro non-locality in an
all-optical setting [46]. The correlation function for a joint
measurement is thus
C(β, θ) =
∫
d2αP(α, V ) 〈ψ(t)| (n · σˆ)⊗ Πˆ(β) |ψ(t)〉 (6)
and a Bell-Clauser-Horne-Shimony-Holt (Bell-CHSH) in-
equality is formulated as |C(0, θ1) + C(0, θ) + C(β, θ1) −
C(β, θ)| ≤ 2 [47]. Any state satisfying this constraint can
be described by a local-realistic theory. Let us first discuss the
pure case of V = 1, which gives
C(β, θ) = 1
2
e−2(d
2+η2t2+|β|2+βrηt−2βrd)
× [cos θ(e4dηt−2ηtβr−e2η2t2+2ηtβr)
+2eηt(2d+
3
2
ηt) cos(2ηtβi) sin θ].
(7)
At ηt = 0, the microscopic and mesoscopic subsystems are
uncorrelated and C(β, θ) can indeed be factorized. For a set
value of d and a non-zero value of ηt, we observe violation of
the Bell-CHSH inequality as illustrated in Fig. 2. Moreover,
there is a range of values of θ (∼ π/2) where, for d 6= 0, the
local-realistic bound is violated, symmetrically with respect
to d = 0. When the thermal character of the mesoscopic part
is considered, the expression for the correlation function be-
comes cumbersome and we omit it. However, the strong en-
tanglement between microscopic and mesoscopic subsystems
allows violation of Bell-CHSH inequality also in the mixed-
state case: the dotted curve in Fig. 2 corresponds to V ≃ 5.
Beyond this value, the inequality is no longer violated.
The second path we follow uses the technique put forward
in Ref. [48] and later reprised by Ferreira et al. in Ref. [23]. In
this approach, Eq. (5) is projected onto a bidimensional sub-
space spanned by the microscopic states {|0〉 , |1〉}a and the
phononic ones {|p〉 , |p+ 1〉}m (p ∈ Z). The entanglement
within Eq. (5) cannot be increased by this projection, which is
just a local operation. Thus, by quantifying the entanglement
for fixed p, we provide a lower bound to the overall quantum
correlations in the state of the system. As a measure for entan-
glement in each 2 × 2 subspace we use the logarithmic neg-
ativity, which accounts for the degree of violation of the pos-
itivity of partial transposition criterion [49–52]. An example
of the results achieved with this method is given in the inset of
Fig. 2, where we show the case of d = 2 and p = 0, 1, 2. En-
tanglement is found in each subspace with fixed p, up to values
of V ∼ 5, strengthening our findings about the resilience of
non-classical correlations set by the coupling being studied.
C. Non-classicality of the mirror
We now consider the effects of the microscopic-mesoscopic
interaction over the state of the movable mirror. This is a hot
topic in the current research of opto and electro-mechanical
systems. The grounding of opto/electro-mechanical devices
as potential candidates for quantum information processing
requires the design of protocols for the preparation of non-
classical states of massive mechanical systems. Various at-
tempts have been performed in this direction, mainly at the
nano-scale level, where a cantilever can be capacitively cou-
pled to a superconducting two-level system [25–28].
Let us consider the case of φ = 0. The optomechanical
evolution encompassed by Uˆt alone is unable to give rise to
any non-classicality in the state of the mirror. This is easy to
check simply by tracing out the state of the atom in Eq. (3),
which would leave us with a statistical mixture of two dis-
placed mirror’s states. On the other hand, a conditional pro-
cess is able to project the coherence of a quantum mechan-
4ical superposition and simultaneously get rid of the atomic
degree of freedom [29–34]. In order to illustrate our claim,
we consider an initial state of the system having the form
ρ(0)=|ϕ〉〈ϕ|⊗ρm(0) where |ϕ〉=c0|0〉+c1|1〉 is a pure state
of the atom and ρm(0) is an arbitrary state of the mechan-
ical mode. We then project the atomic part of the evolved
state Uˆtρ(0)Uˆ†t onto |ϕ〉〈ϕ|, thus post-selecting the mechan-
ical state ρm(t) = 〈ϕ|Uˆt|ϕ〉ρm(0)〈ϕ|Uˆ†t |ϕ〉. Therefore, the
state of the mirror undergoes an effective evolution driven by
the operator
〈ϕ|Uˆt|ϕ〉 = |c1|21ˆ + |c0|2Dˆ(−iηt). (8)
In the remainder of this paper, we consider again the case
where |ϕ〉 = |+〉 ≡ (|0〉 + |1〉)/√2, which optimizes
the performance of our scheme terms of the degree of non-
classicality enforced in the mechanical subsystem. For an ini-
tial coherent state of the mirror, i.e. ρm(0) = |α〉〈α|, apply-
ing the conditional time evolution operator in Eq. (8) leads to
|µ+〉m = N+(|α〉 + e−iΦ(t) |α− iηt〉)m, where N+ is the
normalization factor. Depending on the value of ηt, such
states exhibit quantum coherences. Obviously, the thermal
convolution inherent in the preparation of mirror’s state ̺m
may blur them. In what follows we prove that this is not the
case for quite a wide range of values of V .
The figure of merit that we use to estimate non-classicality
is the negativity in the Wigner function associated with the
mirror state resulting from the measurement performed over
the atomic part of the system. The Wigner function for a sin-
gle bosonic mode is defined as
W (µ) =
1
π
∫
d2νeµν
∗−µ∗νχ(ν), (9)
where µ∈C and χ(ν)=Tr[Dˆ(ν)ρ] is the Weyl characteristic
function. Considering an initial thermal state of the mirror
and applying the conditional unitary evolution operator given
in Eq. (8), the Wigner function of the mirror after the post-
selection process is
Wm(µ) =M−1e−
2|µ|2+2ηtµi+η
2t2
V
×[cosh(η
2t2 + 2ηtµi
V
) + e
η2t2
2V cos(2ηtµr)]
(10)
withM = (1+ e−V η
2
2 )πV/2. The behavior of Wm(µ) in the
phase space is shown in Fig. 3, where we clearly see the ap-
pearance of regions of negativity, witnessing non-classicality
FIG. 3: (Color online) Wigner function of the conditional mirror state
against ξr = Re(ξ) and ξi = Im(ξ), for V = 3 and d = 0. Panels
(a), (b), (c) correspond to ηt = 2, 3, 4 respectively.
FIG. 4: (Color online) Density plot of fidelity against V and η.
Darker regions correspond to smaller values of FW .
of the corresponding state as induced by our microscopic-
to-mesoscopic coupling. Interference fringes are created be-
tween two positive Gaussian peaks (not shown in the figure)
corresponding to the position, in the phase space, of mutually
displaced coherent states. This reminds of the Wigner func-
tion of a pure Schro¨dinger cat state although, as we see later,
the analogy cannot be pushed. Remarkably, in contrast with
the fragility of the nonlocality properties of the microscopic-
mesoscopic state, Wm(µ) has a negative peak of −0.01 up to
V ∼ 100, which implies strong thermal nature of the mirror
state. For a mechanical system embodying one of the mirrors
of a cavity, ωm/2π ∼ 5MHz is realistic [53]. For V = 10
(100), this corresponds to an effective temperature of 1mK
(10mK), i.e. energies 10 (100) times larger than the ground-
state energy of the mirror.
It is interesting to compare the mixed state resulting from
the thermal convolution to a pure state in Eq. (3) (with φ =
0). As a measure of the closeness of two states, we use
quantum fidelity between a mixed and a pure state written
as the overlap between the corresponding Wigner functions
FW = π
∫
d2µWP (µ)WM (µ), where WP (µ) (WM (µ)) is
the Wigner function of the pure (mixed) state. FW is shown in
Fig. 4 against ητ and V . While the thermal effect reduces the
value of the fidelity as V grows, the behavior of FW against ηt
is, surprisingly, non-monotonic. At a given V , there is always
a finite value of ηt associated with a maximum of FW . Re-
markably, the values of ηt maximizing FW differ from those
at which the Wigner function achieves its most negative value.
D. Finite temperature dissipative dynamics
So far, we have assumed a movable mirror of large mechan-
ical quality factor. The progresses recently accomplished in
fabrication processes guarantee very small mechanical dissi-
pation rates. However, they are not yet negligible and their
5FIG. 5: (Color online) Wigner function of the mirror under dissipa-
tion, for γ ∼ 0.1η and V = 5.
effect should be considered in any proposal for quantum-
ness in optomechanical devices. We thus include mechanical
losses in our analysis, looking for their effects onto the non-
classicality induced in the movable mirror. We concentrate on
the finite-temperature dissipative mechanism described by
LV (ρ) = γ
2
[
(2bˆρbˆ†−{bˆ†bˆ, ρ})+(V −1)(bˆρ−ρbˆ, bˆ†)], (11)
which is the weak-damping limit of the Brownian-motion
master equation [36]. The density matrix ρ describes the state
of the atom-mirror system. The full master equation, includ-
ing the unitary part −i[Hˆe, ρ], is easily translated into a set of
equations of motion for the mirror reduced density matrix ob-
tained by considering the projections onto the relevant atomic
states ρij = a〈i|ρ|j〉a (i, j = 0, 1). These can then be recast
as Fokker-Planck equations for the Wigner functions Wij of
such mirror’s state components. These read
∂tW(x, p, t) = MW(x, p, t) + L˜dW(x, p, t), (12)
where
W(x, p, t)=


W00(x, p, t)
W01(x, p, t)
W10(x, p, t)
W11(x, p, t)

 ,
M=
√
2η


∂p 0 0 0
0 − ix+∂p2 0 0
0 0
ix+∂p
2 0
0 0 0 0

 ,
L˜d =
[γ
2
(x∂x + p∂p) +
γ
4
V (∂2p2 + ∂
2
x2) + γ
]
1 ,
(13)
where we have introduced the quadrature variables x =√
2Re(µ), p =
√
2Im(µ). Each of these equations preserves
the Gaussian nature of the corresponding Wigner function’s
component, whose time-evolved form is taken from the ansatz
Wij(x, p, t) ∝ [det(Dij)]−1/2e− 12q
T
ijD
−1
ij
qij+iΘij(t) (14)
with
qij =
[
x− xij
p− pij
]
, Dij =
[
σxij σ
xp
ij
σxpij σ
p
ij
]
(15)
parameterized by the time-dependent mean values xij , pij and
variances σx,p,xpij of the variables x, p and xp. We have also
introduced the time-dependent phasesΘij’s which account for
the contributions from Φ(t) in Eq. (3). The solution is readily
found to be
∑
i,j=0,1Wij(x, p, t) (apart from the normaliza-
tion factor), which gives back the non-Gaussian character of
the mirror’s state. The negativity of the Wigner function can
be studied at set values of γ and T and chosing the time at
which the ideal case achieves the most negative value. The
results are shown in Fig. 5, where we see that non-classicality
is found even for quite a large value of γ/η. Clearly, this
results from a subtle trade off between temperature and me-
chanical quality factor. Although small γ and T guarantee
non-classicality, such a behavior is still present at γ/η ∼ 0.1
and for T well above the ground-state one.
III. TWO MIRRORS
In this section, we will consider a different setup, where
both cavity mirrors are free to oscillate around their equilib-
rium positions and they are both interacting with a three level
atom inside the cavity. Using this setup, we can study the
correlations between the two mesoscopic systems and their
quantum features. In this section, we will only focus on the
conditional evolution of the two mirrors after a measurement
of the atomic subsystem.
A. Hamiltonian and conditional unitary evolution
Let us consider the same Fabry-Perot cavity discussed in
Sec II A, pumped by a laser field at frequency ωp and with a
three-level Λ-type atom trapped within the mode-volume of
the cavity field. The model is very similar to the one de-
scribing the single mirror case, with the difference that here
the two mirrors of the cavity are both able to oscillate around
their equilibrium positions and they are modeled as two har-
monic oscillators with frequencies ω1 and ω2. By moving to
an interaction picture respect to the same operator considered
in the one-mirror scheme, the Hamiltonian of the system can
be written in the same form as the one given in Eq. (1), where
only the terms involving the mirror’s degrees of freedom are
changed to take into account the addition of the second mirror.
These terms read
Hˆm=
2∑
j=1
ωj bˆ
†
j bˆj , Hˆmc=aˆ†aˆ
2∑
j=1
(−1)j−1χj(bˆ†j+bˆj), (16)
where the bosonic operators aˆ†, aˆ and bˆ†j , bˆj refer to the cav-
ity field and the two mechanical mirrors, respectively. By as-
suming a large cavity quality factor and a small spontaneous
emission rate from |e〉, in the limit of (∆, δ)≫(Ω, g) we can
eliminate both the cavity field and the excited atomic level,
thus arriving at the effective atom-mirrors Hamiltonian
Hˆeff = |0〉〈0| ⊗
2∑
j=1
(−1)j−1ηj(bˆ†j+bˆj) (17)
6FIG. 6: (Color online) Negative volume of W (µ1, µ2) against V for
ηt = 5. Inset: Wigner function W1(µ1) at µ2=− (1+ i), ηt=2 and
T=0.
with ηj = (Ω2g2/δ2∆2)χj . The corresponding time-
evolution operator is Uˆt = |1〉〈1| + |0〉〈0| ⊗ Dˆ1(−iη1t) ⊗
Dˆ2(iη2t), where Dˆj(ζ) = exp[ζbˆ†j − ζ∗bˆj] is the displace-
ment operator for mode j = 1, 2 [36]. In analogy with the
one-mirror case, the resulting dynamics of the mechanical
systems is thus a conditional displacement controlled by the
state of the atomic part: while nothing happens to the mechan-
ical modes when the atom is prepared in |1〉, their state gets
displaced in phase space when the atomic state is |0〉. In what
follows we generalize the analysis performed in the previous
Section and show how this mechanism, complemented with
an appropriate post-selective step, results in non-classicality
of the mechanical subsystem.
The generalization of the conditional time evolution opera-
tor given in Eq. (8) to the two-mirrors case is straightforward.
The new operator simply reads
〈ϕ|Uˆt|ϕ〉 = |c1|21ˆ + |c0|2Dˆ1(−iη1t)Dˆ2(iη2t) (18)
with 1ˆ the identity operator. We consider again the case
in which |ϕ〉 = |+〉 and the initial state of the mirror is
ρm(0) = |α1, α2〉〈α1, α2| where |αj〉 is a coherent state of
mode j having amplitude α∈C. The state of the mirrors at
time t is
|ψm(t)〉 = (|α1, α2〉+ e−iΦ(t)|β1(t), β2(t)〉)/
√
2 (19)
where Φ(t) =
∑2
j=1(−1)j−1ηjRe{αj}t and βj(t) =
αj+(−1)jiηjt (j=1, 2). Eq. (19) is an Entangled Coherent
State (ECS) of modes 1 and 2 [54]. Its Von Neumann entropy
depends on a delicate trade off among the amplitudes αj(t)
and βj(t). ECSs play an important role in continuous-variable
(CV) quantum information processing as a valuable resource
for communication and computation [55].
B. Mirror-Mirror correlations
In Sec III A we have considered the simple case in which
the two oscillators are initialized in a pure coherent state. This
example is instructive and, as we will see later, mathemati-
cally useful. However, as pointed out in Sec. II B, the inter-
action of the two oscillators with the thermal bath has to be
taken into account, and it is realistic to assume a initial ther-
mal state for the two mirros. The thermal state of a single
bosonic mode is given by Eq. (4) . In the case of two modes,
the initial mechanical state is ρm(0)=̺th1 ⊗̺th2 , and it evolves
under the action of 〈+|Uˆt|+〉 so as to give
ρm(t)=
∫
d2α1d
2α2P(α1, V )P(α2, V )|ψm(t)〉〈ψm(t)|.
(20)
As in the one mirror setup, we now show that, despite the ther-
mal convolution at the basis of the definition of ρ(t), the me-
chanical state of two mirrors can exhibit strong non-classical
features even at non-zero temperature. We will focus on two
different signatures of non-classicality: the negative values of
the Wigner function associated with the state ρm(t) and the
non-local correlations between the two mirrors. The Wigner
function of a two-modes system is defined as the straightfor-
ward generalization of Eq. (9), i.e.
W (µ1, µ2) =
1
π2
∫
d2ν1d
2ν2
2∏
j=1
eµjν
∗
j−µ
∗
j νjχ(ν1, ν2)
(21)
where (µj , νj)∈C and χ(ν1, ν2)=Tr[Dˆ1(ν1)Dˆ2(ν2)ρ] is the
two-modes Weyl characteristic function. Together with the
study of Wigner function’s negativity, we also investigate the
quantum correlations between the two mirrors. To overcome
the problem of inferring non-classical correlations in a mixed
non-Gaussian state of a CV system, which is a very demand-
ing task due to the lack of appropriate entanglement mea-
sures, we use the same approach taken in the previous Section,
which relies on the investigation of Bell inequality violations.
This route is particularly viable in our case as we can take
advantage of the dualism between density matrix and Wigner
function for CV states. Here, one can formulate a Bell-CHSH
test using the two-mode Wigner function associated to ρm(t).
To begin with, one can study the behavior of the single-
mirror Wigner functions calculated for a fixed point µ0 in the
other mirror phase space, i.e. Wj(µj)=W (µj , µi = µ0) with
i 6=j=1, 2. It is seen from the inset of Fig. 6 that, depending
on the operating conditions of the system, W1(µ1) [equiva-
lently W2(µ2)] can be considerably negative, thereby proving
its non-classical nature. This is remarkable, especially when
FIG. 7: (Color online) Numerically optimized violation of the Bell-
CHSH inequality for the two-mirror state against ηt and V .
7compared to the case of a standard optomechanical setting
where a mechanical mirror is coupled to the field of an optical
resonator. There, in fact, it can be proven that the state of the
mechanical subsystem is only classically squeezed and the de-
vice cannot be utilized in order to engineer non-classical states
of the movable mirror [56]. Differently, using the mechanism
we propose here, we have checked that the negative regions of
W1(µ1) persist even at non-zero temperature. These consid-
erations can be strengthened by extending them to the Wigner
function of both the mechanical mirrors and studying the neg-
ative volume V−=
∫
d2µ1d
2µ2[|W (µ1, µ2)|−W (µ1, µ2)]/2.
In Fig. 6, V− is plotted against V for ηt = 5, revealing that
non-classicality persists up to V∼10, i.e. well above zero
temperature. We give an estimate of actual temperatures cor-
responding to such order of magnitude for V later on.
We now pass to the study of the Bell-CHSH inequality
test [47] to infer non-classical correlations shared by the me-
chanical systems. For a two-mode bosonic system, the Bell-
CHSH inequality can be re-cast in terms of the expectation
values 〈Πˆ1(µ1)⊗ Πˆ2(µ2)〉, with the displaced parity operator
Πˆi(µj) = Dˆj(µj)(−1)bˆ
†
j
bˆj Dˆ†j(µj), as before [44], in terms of
which W (µ1, µ2) = (4/π2)〈Πˆ1(µ1)⊗Πˆ2(µ2)〉. The CHSH
function can thus be written as
CHSH=π
2
4
[W (µ1, µ2)+W (µ
′
1, µ2)+W (µ1, µ
′
2)−W (µ′1, µ′2)].
(22)
Any local realistic theory imposes the bound |CHSH| ≤ 2.
If the mechanical state is such that |CHSH| > 2, correlations
of non-classical nature are necessarily shared by the two mir-
rors. In Fig. 7 we show that, although hindered by the thermal
nature of the mechanical modes, the two-mirror state violates
the local realistic bound up to V = 1.1, which corresponds
to T ≈ 0.1mK (5µK) at ωm/2π ∼ 6MHz (300KHz), a fre-
quency easily achievable by current experimental setups [57].
This shows that the mechanical state remains non-classically
correlated even for thermal energies that are 10 times larger
than the ground-state energy of each mirror [58].
The decreasing behavior of the CHSH function at
T>0 can be explained by considering that, under such
conditions, the coherences in the two-mirror state are
suppressed. In fact, let us study the off-diagonal terms
of ρm(t) in the coherent-state basis. These are given by∫
d2α1d
2α2P (α1, V )P (α2, V )e
iΦ(t)|α1, α2〉〈β1(t), β2(t)|
and Hermitian conjugate. As a function of Re(αj), the phase
factor eiΦ(t) oscillates at frequency ηjt. At T=0, P (αj , 1)
becomes a bidimensional Dirac delta-function δ2(αj), which
sets the phase factor to unity. At the same time, by increasing
ηjt, the components of the ECS entering state ρm(t) become
increasingly orthogonal, which optimizes the violation of the
CHSH inequality. Differently, at finite temperature P (αj , V )
has a non-null width within which the increasingly oscillating
time-dependent phase factor is eventually averaged to zero.
This occurs more rapidly as V grows.
C. Dissipative dynamics
We now proceed to include the mechanical damping of the
two oscillator in our analysis on the same lines followed in
Sec II D. We consider the dynamics of the mirror-atom density
matrix ρ as driven by the weak-damping limit of the standard
Brownian-motion superoperator, whose generalization to the
a two mirrors system reads as
LˆV (ρ) =
∑
j=1,2
γ
2
(2bˆjρbˆ
†
j−{bˆ†j bˆj , ρ}+(V−1)[bˆjρ−ρbˆj , bˆ†j]).
(23)
From such master equation one can obtain with standard tech-
niques four Fokker-Planck equations for the Wigner functions
Wij of the mechanical state components associated the atomic
operator |i〉 〈j| (i, j=0, 1). The Foller-Planck equations can
be written in the same form given in Eq. (12), and each equa-
tion is solved by using the Gaussian ansatz in Eq. (14), which
is worth recalling
Wij(x, p, t)∝[det(Dij)]−1/2e− 12q
T
ijD
−1
ij
qij+iΘij(t) (24)
Here the vector q and the covariance matrix Dij are the gen-
eralization of Eq. (15) to the two-mode case and are given by
qij =


x1−x1,ij
p1−p1,ij
x2−x2,ij
p2−p2,ij

 ,Dij =


σx1x1ij σ
p1x1
ij σ
x2x1
ij σ
p2x1
ij
σx1p1ij σ
p1p1
ij σ
x2p1
ij σ
p2p1
ij
σx1x2ij σ
p1x2
ij σ
x2x2
ij σ
p2x2
ij
σx1p2ij σ
p1p2
ij σ
x2p2
ij σ
p2p2
ij

 .
(25)
As explained in the previous section, the sum of the four term∑
i,j=0,1Wij(x, p, τ) gives the full non-gaussian solution of
the Fokker-Planck equations, and the negativity of the Wigner
function can be use to witness non-classicality. Fig. 8(a)
reveals that W (µ1, µ2) exhibits considerable regions of nega-
tivity also for γ 6=0. As expected, the negativity of the Wigner
function increases when the coupling constant η becomes
larger than the damping rate. In this situation it is indeed
possible to neglect the dissipation of the mirror and recover
the purely unitary dynamics treated above. Interestingly, the
Wigner function has still negative values when η ∼ γ, which
means that in the dissipative regime the state of the two mir-
rors is non-classical. The decrease of V− as η/γ ≫ 1 shown
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FIG. 8: (Color online) Wigner function for a mechanical system open
to dissipation. (a) Wigner function of a single mirror for µ2=1+i,
η/γ=2, γt=V=1. (b)V
−
against V and η/γ for γt = 1 (we assume
that all the relevant parameter are the same for both mirrors).
8FIG. 9: (Color online) Violation of the CHSH inequality as a function
of γt for four values of η/γ.
in Fig. 8(b) is simply due to our choice for the interaction
time. By adjusting t, non-zero values of V− are retrieved. The
interplay between γ, η and t in setting non-classicality in the
mechanical state can be best seen by studying non-locality. As
shown in Fig. 9, as η/γ increases for damped mechanical sys-
tems at zero-temperature, the interaction-time window has to
be set so as to maximize the degree of violation of the CHSH
inequality. As expected, the violation increases with the ratio
between the coupling constant and the decay rate. However,
large values of η/γ correspond to shorter time-windows for
the violation to occur. This point can be understood solving
explicitly the open-system dynamics corresponding to a low-
temperature bath in an alternative way.
Following the approach used in [38], we divide the evo-
lution time as t=Nδt, with δt/t≪1 and approximate the dy-
namics of the total system as a sequence of the unitary dynam-
ics ruled by Uˆt and a purely dissipative one. After N steps,
the evolved state reads
ρ(Nδt)=
(Dˆ1δtDˆ2δtUˆδt)Nρ(0) (26)
where we have introduced the superoperators
Dˆjδtρ=eLˆ
V=1
j δtρ, Uˆδtρ=UˆδtρUˆ †δt (27)
and where ρ(0)=|+〉〈+|⊗|α1, α2〉〈α1, α2| is the initial state.
This approach is particularly useful in treating a damped har-
monic oscillator. Indeed, the action of the dissipative super-
operator Dˆjδt on the diadic form |λ〉〈σ| (with |λ〉 and |σ〉 two
coherent states) is given by [59]
Dˆjt |λ〉〈σ| = 〈σ|λ〉γδt|λe−γδt〉〈σe−γδt|. (28)
In the limit δt→0, N→∞ (so as to keep t=Nδt finite),
we get an accurate description of the dissipation-affected
dynamics[60]. After the projection on the atomic part of the
system, the state of the two mirrors is
ρm(t) =
1
2
[ ∑
µ=α,β
|µ1(t), µ2(t)〉〈µ1(t), µ2(t)|
+ e−iϑ(t)−Γ(t)|β1(t), β2(t)〉〈α1(t), α2(t)|+ h.c.
]
(29)
where
αj(t)=αje
−γt, βj(t)=αj(t)+(−1)j−1iηj(1−e−γt)/γ,
ϑ(t) =
∑
j=1,2
(ηj/2γ)αj(1 − e−2γt),
Γ(t) =
∑
j=1,2
(η2j /2γ
2)[γt+
1
2
(1− e−2γt)− 2(1− e−γt)].
(30)
The analysis of the CHSH inequality using ρm(t) leads to
features consistent with the solutions gathered through the
Fokker-Planck approach. As the decoherence factor Γ(t)
grows with (η/γ)2, the time-window where violation of the
local realistic boundary can be observed gets smaller.
IV. CONCLUSIONS
We have studied a mediated coupling mechanism between
a microscopic and a mesoscopic system in two different setup
involving optical cavities with movable mirrors interacting
with a three level atom. The resulting dynamics drives the
system into states which exhibit strong quantum features in
both cases considered. The study of the first setup, involv-
ing a single mechanical oscillator and described in Sec. II,
reveals strong non-local correlations between the atom and
the movable mirror. Considerable violations of Bell-CHSH
inequality are observed even when the thermal nature of the
mirror’s initial state is taken into account. Moreover, projec-
tive measurements over the atomic system probabilistically
create non-classical mixed states of the mirror. Such non-
classicality, quantified by the negativity of the Wigner func-
tion, is robust against mechanical damping, while the dynam-
ical mechanism we used ensures a good protection from other
sources of noise. In the second part of the paper (Sec. III) a
cavity where both mirrors oscillate around their equilibrium
positions is considered. The conditional dynamics obtain by
a post-selection process on the microscopic part of the sys-
tem induces truly mesoscopic quantum correlations between
the two mirrors which lead again to a violation of CHSH in-
equality at finite temperature. In analogy with the one-mirror
setup, negative values of the Wigner function are found in the
dissipative regime.
Apart from stimulating the experimental achievement of
non-classical states of a massive system, which will be the
focus of optomechanics at the quantum level, the first part of
our proposal triggers the study of microscopic-mesoscopic in-
terplay for mechanical manipulation and control. As a signifi-
cant example, the bichromatic version of the coupling Hamil-
tonian opens up the interesting possibility to attach a non-
trivial geometric phase to the state of the mechanical sys-
tem. This can be done by adjusting the amplitude of dis-
placements and the phase φ in a way so as to realize a cyclic
evolution in the mirror’s phase space, along the lines with
Refs. [39, 40]. Such possibilities for microscopically-induced
control of a mesoscopic device has already been studied else-
where [38] and it will be the topic of further investigations.
9The second part of our study focus on the quantum correla-
tions shared by two massive objects, bringing our analysis to
the boundary between the quantum and the classical world. In
such operating conditions, the dissipative part of the dynam-
ics induced by damping processes in the mechanical oscilla-
tors plays an important role. It is thus clear that the achieve-
ment of the condition η ∼ γ is crucial in our scheme, and
a comment about the possibility of reaching this regime is
unavoidable. For state-of-the-art mechanical systems, typical
values of γ are in the range of a few Hz. On the other hand,
the effective coupling rate η is given by η = χg2Ω2/δ2∆2,
where χ is the radiation pressure interaction constant given
by χ = (ωc/L)
√
~/2mωm. For mechanical modes having
ωm/(2π)=300KHz and mass m ∼ 50ng placed to a cavity of
L = 10mm [19, 20, 57] and assuming g2Ω2/δ2∆2 ∼ 0.1 and
ωc ∼ 1015Hz, a straightforward calculation shows that η ∼ 1.
This value is indeed comparable to γ, thus demonstrating the
achievability of the conditions required by our proposal. It
is remarkable that the state of the two mechanical systems
exhibits non-classical features both for one and two mirrors,
in contrast with a purely optomechanical coupling between a
movable mirror and a cavity field [24].
Our analysis demonstrates the broad validity of our argu-
ments, both at the single and two-mirror level. We stress
the full generality of our method. Although we have illus-
trated it using a specific setup, the same sort of quantum-
correlated state can be engineered in settings consisting of a
Bose-Einstein condensate in an optomechanical cavity, two
nano-mechanical resonators capacitively coupled to a Cooper-
pair box or two planar superconducting resonators mutually
connected via an off-resonant phase or transmon qubit [61–
63]. We hope that the results of our study to trigger exper-
imental endeavors directed towards the achievement of the
working conditions discussed here.
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Appendix A: Adiabatic elimination
We start from Eq. (1) and we adiabatic eliminate the ex-
cited state of the atom |e〉 and the electromagnetic field inside
the cavity. In order to do so, we assume ∆ >> Ω, g and
δ >> Ω, g. We notice that the only terms in the Hamilto-
nian involving the atomic degrees of freedom areHa andHR.
Hence, we perform first the adiabatic elimination of the ex-
ited level |e〉 of the atom. The Hamiltonian Ha +HR can be
formally written as a 3 × 3 matrix with respect of the basis
{|0〉, |1〉, |e〉}:
Ha +HR =

0 0 Ω0 0 gei∆taˆ†
Ω ge−i∆taˆ δ

 . (A1)
By writing a generic state of the atom as |λ〉 = c0|0〉 +
c1|1〉 + ce|e〉 and by setting to zero c˙e in the corresponding
Schrodinger equation i∂t|λ〉 = (Ha + HR)|λ〉, we find the
effective Hamiltonian
H1 =− Ω
2
δ
|0〉〈0| − Ωge
−i∆t
δ
aˆ|0〉〈1|
− Ωge
i∆t
δ
aˆ†|1〉〈0| − g
2
δ
aˆ†aˆ|1〉〈1|
(A2)
After the adiabatic elimination we substitute the terms Ha +
HR in Eq. (1) with the expression above and the total Hamil-
tonian of the system reads nowHsys = Heff +Hc +Hm +
Hmc +Hcp
The next step is the elimination of the cavity field operators
aˆ and aˆ†. In order to do so, we consider the equations describ-
ing the time evolution of those operators ˙ˆa = −i[Hsys, aˆ]
and ˙ˆa† = −i[Hsys, aˆ†] and we set to zero the time derivative.
Considering that [Hsys, aˆ] = [Hc, aˆ] + [Hmc, aˆ] + [Heff , aˆ],
we find that
[Hsys, aˆ] =− aˆ
(
∆+ χ1(bˆ
†
1 + bˆ1) + χ2(bˆ
†
2 + bˆ2)−
g2
δ
|1〉〈1|)
+
Ωg
δ
ei∆t|1〉〈0|
(A3)
Setting this quantity to zero and considering that ∆ ≫
χ, g2/δ, we find
aˆ =
Ωg
δ∆
ei∆t|1〉〈0| (A4)
In a similar way we find that
aˆ† =
Ωg
δ∆
e−i∆t|0〉〈1| (A5)
By substituting these equation in the expression for Hmc we
find the effective atom-mirrors interaction which reads as
Heffam =
Ω2g2
δ2∆2
χ|0〉〈0|(bˆ† + bˆ) (A6)
With η = Ω
2g2
δ2∆2χ we recover the expression in Eq. (2).
[1] A. Naik, O. Buu, M. D. LaHaye, A. D. Armour, A. A. Clerk,
M. P. Blencowe and K. C. Schwab, Nature (London) 443, 193
(2006).
10
[2] J. D. Thompson, B. M. Zwickl, A. M. Jayich, Florian Mar-
quardt, S. M. Girvin and J. G. E. Harris, Nature (London) 452,
72 (2008).
[3] A. Schliesser, P. DelHaye, N. Nooshi, K. J. Vahala, and T. J.
Kippenberg, Phys. Rev. Lett. 97 243905 (2006).
[4] T. Corbitt, Y. Chen, E. Innerhofer, H. Mu¨ller-Ebhardt, D. Ot-
taway, H. Rehbein, D. Sigg, S. Whitcomb, C. Wipf and N.
Mavalvala, Phys. Rev. Lett. 98, 150802 (2007).
[5] A. Schliesser, R. Riviere, G. Anetsberger, O. Arcizet and T. J.
Kippenberg, Nature Phys. 4, 415 (2008).
[6] A. Schliesser, O. Arcizet, R. Riviere, G. Anetsberger and T. J.
Kippenberg, Nature Phys. 5, 509 (2009).
[7] A. D. O’ Connell, M. Hofheinz, M. Ansmann, R. C. Bialczak,
M. Lenander, E. Lucero, M. Neeley, D. Sank, H. Wang, M.
Weides, J. Wenner, J. M. Martinis and A. N. Cleland, Nature
(London) 464, 697 (2010);
[8] F. De Martini, F. Sciarrino, and C. Vitelli, Phys. Rev. Lett. 100,
253601 (2008).
[9] P. Sekatski, N. Brunner, C. Branciard, N. Gisin and C. Simon,
Phys. Rev. Lett. 103, 113601 (2009).
[10] F. Brennecke, T. Donner, S. Ritter, T. Bourdel, M. Ko¨hl and T.
Esslinger, Nature (London) 450, 268 (2007).
[11] Y. Colombe, T. Steinmetz, G. Dubois, F. Linke, D. Hunger and
J. Reichel, Nature (London) 450, 272 (2007).
[12] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R.- S. Huang,
J. Majer, S. Kumar, S. M. Girvin and R. J. Schoelkopf, Nature
(London) 431, 161 (2004).
[13] J. Majer, J. M. Chow, J. M. Gambetta, Jens Koch, B. R. John-
son, J. A. Schreier, L. Frunzio, D. I. Schuster, A. A. Houck,
A. Wallraff, A. Blais, M. H. Devoret, S. M. Girvin and R. J.
Schoelkopf, Nature (London) 449, 443 (2007).
[14] A. Wallraff, D. I. Schuster, A. Blais, J. M. Gambetta, J.
Schreier, L. Frunzio, M. H. Devoret, S. M. Girvin, and R. J.
Schoelkopf, Phys. Rev. Lett. 99, 050501 (2007).
[15] S. Gigan, H. R. Bo¨hm, M. Paternostro, F. Blaser, G. Langer, J.
B. Hertzberg, K. C. Schwab, D. Ba¨uerle, M. Aspelmeyer and
A. Zeilinger, Nature (London) 444, 67 (2006).
[16] O. Arcizet, P.-F. Cohadon, T. Briant, M. Pinard and A. Heid-
mann, Nature (London) 444, 71 (2006).
[17] D. Kleckner and D. Bouwmeester, Nature (London) 444, 75
(2006).
[18] O. Arcizet, P.-F. Cohadon, T. Briant, M. Pinard, A. Heidmann,
J.-M. Mackowski, C. Michel, L. Pinard, O. Francais and L.
Rousseau Phys. Rev. Lett. 97, 133601 (2006).
[19] S. Gro¨blacher, K. Hammerer, M. R. Vanner and M. Aspelmeyer,
Nature (London) 460, 724 (2009).
[20] S. Gro¨blacher, J. B. Hertzberg, M. R. Vanner, G. D. Cole, S.
Gigan, K. C. Schwab and M. Aspelmeyer, Nature Phys. 5, 485
(2009).
[21] J. Chan, T. P. Mayer Alegre, A. H. Safavi-Naeini, J. T. Hill, A.
Krause, S. Gro¨blacher, M. Aspelmeyer, and O. Painter, Nature
(London) 478, 89 (2011).
[22] W. Marshall, C. Simon, R. Penrose, and D. Bouwmeester, Phys.
Rev. Lett. 91, 130401 (2003).
[23] A. Ferreira, A. Guerreiro, and V. Vedral, Phys. Rev. Lett. 96,
060407 (2006).
[24] M. Paternostro, D. Vitali, S. Gigan, M. S. Kim, C. Brukner, J.
Eisert and M. Aspelmeyer, Phys. Rev. Lett. 99, 250401 (2007).
[25] A. D. Armour, M. P. Blencowe, and K. C. Schwab, Phys. Rev.
Lett. 88, 148301 (2002).
[26] P. Rabl, A. Shnirman, and P. Zoller, Phys. Rev. B 70, 205304
(2004).
[27] L. Tian, Phys. Rev. B 72, 195411 (2005).
[28] D. A. Rodrigues, J. Imbers, and A. D. Armour, Phys. Rev. Lett.
98, 067204 (2007).
[29] M. Koch, C. Sames, M. Balbach, H. Chibani, A. Kubanek, K.
Murr, T. Wilk, and G. Rempe, Phys. Rev. Lett. 107, 023601
(2011).
[30] S. Ritter, C. No¨lleke, C. Hahn, A. Reiserer, A. Neuzner, M.
Uphoff, M. Mu¨cke, E. Figueroa, J. Bochmann, and G. Rempe,
Nature 484, 195 (2012).
[31] H. P. Specht, C. No¨lleke, A. Reiserer, M. Uphoff, E. Figueroa,
S. Ritter, and G. Rempe, Nature 473, 190 (2011).
[32] T. S. Monteiro, J. Millen, G. A. T. Pender, F. Marquardt, D.
Chang and P. F. Barker, New J. Phys. 15, 015001, (2012).
[33] N. Kiesel, F. Blaser, U. Delic, D. Grass, R. Kaltenbaek, and M.
Aspelmeyer, arXiv:1304.6679 (2013).
[34] A. Xuereb, and M. Paternostro, Phys. Rev. A 87, 023830 (2013)
[35] C. K. Law, Phys. Rev. A 49, 433 (1994).
[36] D. F. Walls and G. J. Milburn, Quantum Optics (Springer, Hei-
delberg, 1994).
[37] S. Mancini, D. Vitali, and P. Tombesi, Phys. Rev. Lett. 90,
137901 (2003).
[38] G. Vacanti, R. Fazio, M. S. Kim, G. M. Palma, M. Paternostro
and V. Vedral, Phys. Rev. A 85, 022129 (2012).
[39] G. J. Milburn, S. Schneider, and D. F. V. James, Fortschr. Phys.
48, 801 (2000).
[40] D. Leibfried, B. DeMarco, V. Meyer, D. Lucas, M. Barrett, J.
Britton, W. M. Itano, B. Jelenkovic, C. Langer, T. Rosenband
and D. J. Wineland, Nature (London) 422, 412 (2003).
[41] L. Davidovich, A. Maali, M. Brune, J. M. Raimond and S.
Haroche, Phys. Rev. Lett. 71, 2360 (1993).
[42] H. Jeong and T. C. Ralph, Phys. Rev. Lett. 97, 100401 (2006).
[43] H. Jeong, M. Paternostro, and T. C. Ralph, Phys. Rev. Lett. 102,
060403 (2009).
[44] K. Banaszek and K. Wo´dkiewicz, Phys. Rev. A 58, 4345
(1998).
[45] K. Wo´dkiewicz, New. J. Phys. 2, 21 (2000).
[46] N. Spagnolo, C. Vitelli, M. Paternostro, F. De Martini, and F.
Sciarrino, Phys. Rev. A 84, 032102 (2011).
[47] J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Phys.
Rev. Lett. 23, 880 (1969).
[48] S. Bose, I. Fuentes-Guridi, P. L. Knight and V. Vedral, Phys.
Rev. Lett. 87, 050401 (2001).
[49] A. Peres, Phys. Rev. Lett. 77, 1413 (1996).
[50] M. Horodecki, P. Horodecki, and R. Horodecki, Phys. Lett. A
223, 1 (1996).
[51] J. Lee, M. S. Kim, Y. J. Park and S. Lee, J. Mod. Opt. 47, 2151
(2000).
[52] M. B. Plenio, Phys. Rev. Lett. 95, 090503 (2005).
[53] For gΩ/δ∆ ∼ 0.1, cavity-length ∼ 0.3mm and a light mir-
ror (mass ∼ 15ng), χ ∼ 2.8KHz, which corresponds to
ζ ∼ 0.1KHz. The elimination of |e〉
a
and the cavity field,
whose damping rate is quenched by the off-resonant coupling,
make the proposed dynamics quite feasible.
[54] B. C. Sanders, Phys. Rev. A 45, 6811 (1992).
[55] H. Jeong and M. S. Kim, Phys. Rev. A 65, 042305 (2002).
[56] M. Paternostro, Phys. Rev. Lett. 106, 183601 (2011) .
[57] S. Gro¨blacher (Private communication).
[58] Quite expectedly, the CHSH inequality is increasingly violated
in time at T = 0, asymptotically reaching Tsirelson’s bound.
[59] S. J. D. Phoenix, Phys. Rev. A 41, 5132 (1990).
[60] Indeed, for the particular system considered here the superop-
erators Dˆδt and Uˆδt commute when δt → 0 and this approach
gives the exact dynamics of the system.
[61] M. Paternostro, G. De Chiara, and G. M. Palma, Phys. Rev.
Lett. 104, 243602 (2010); G. De Chiara, M. Paternostro, and G.
M. Palma, Phys. Rev. A 83, 052324 (2011).
11
[62] J. M. Martinis, S. Nam, J. Aumentado and C. Urbina, Phys.
Rev. Lett. 89, 117901 (2002);
[63] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. I. Schus-
ter, J. Majer, A. Blais, M. H. Devoret, S. M. Girvin and R. J.
Schoelkopf, Phys. Rev. A 76, 042319 (2007).
